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Abstract  Due  to  their  anisotropic  shape,  gold 
nanorods  (GNRs)  possess  a  number  of  advantages 
for  biosystem  use  including,  enhanced  surface  area 
and  tunable  optical  properties  within  the  near-infrared 
(NIR)  region.  However,  cetyl  trimethylammonium 
bromide-related  cytotoxicity,  overall  poor  cellular 
uptake  following  surface  chemistry  modifications, 
and  loss  of  NIR  optical  properties  due  to  material 
intracellular  aggregation  in  combination  remain  as 
obstacles  for  nanobased  biomedical  GNR  applica¬ 
tions.  In  this  article,  we  report  that  tannic  acid-coated 
11-mercaptoundecyl  trimethylammonium  bromide 
(MTAB)  GNRs  (MTAB-TA)  show  no  significant 
decrease  in  either  in  vitro  cell  viability  or  stress 
activation  after  exposures  to  A549  human  alveolar 
epithelial  cells.  In  addition,  MTAB-TA  GNRs 
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demonstrate  a  substantial  level  of  cellular  uptake 
while  displaying  a  unique  intracellular  clustering 
pattern.  This  clustering  pattern  significantly  reduces 
intracellular  aggregation,  preserving  the  GNRs  NIR 
optical  properties,  vital  for  biomedical  imaging  appli¬ 
cations.  These  results  demonstrate  how  surface  chem¬ 
istry  modifications  enhance  biocompatibility,  allow 
for  higher  rate  of  internalization  with  low  intracellular 
aggregation  of  MTAB-TA  GNRs,  and  identify  them  as 
prime  candidates  for  use  in  nanobased  bio-imaging 
applications. 

Keywords  Gold  nanorods  •  Coatings  • 
Biocompatible  materials  •  Optical  properties  •  Imaging 

Introduction 

Nanotechnology  holds  great  potential,  and  nanomate¬ 
rials  are  increasingly  being  developed  for  use  in 
industrial,  military,  and  consumer  products  including 
a  vast  array  of  biomedical  applications  (Adlakha- 
Hutcheon  et  al.  2009;  Barreto  et  al.  2011).  Recent 
advances  in  solution  chemistries  for  synthesis  of  solid- 
phase  nanomaterial  technology  have  made  it  possible 
to  manipulate  gold  nanomaterials  into  different  sizes, 
shapes,  and  surface  structures  (Sun  and  Xia  2002). 
Among  these  properties,  growing  gold  nanomaterials 
into  rods  and  their  surface  manipulations  have 
attracted  attention  due  to  their  novel  physical  proper¬ 
ties  (Kelly  et  al.  2003).  Gold  nanorods  (GNRs)  are  of 
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particular  interest  due  to  their  unique  optical  region 
absorbance,  emission,  and  electronic  properties.  GNR 
optical  properties  are  tunable  by  preparing  nanofea- 
tured  structure  based  on  their  dimensional  aspect  ratio 
(AR)  or  through  surface  modification  chemistry 
(Bouhelier  et  al.  2005).  The  AR  describes  the  two- 
dimensional  proportional  relationship  between  the 
nanomaterial’ s  width  and  height.  Depending  on  the 
GNR’s  AR,  a  narrow  range  of  light  frequencies 
induces  conduction  band  electron  oscillation,  termed 
surface  plasmon  resonance  (SPR)  (Liang  et  al.  2012). 
The  spectral  signature  of  the  GNRs’  longitudinal 
plasmon  resonance  extends  into  the  near-infrared 
(NIR)  region  where  aqueous  biological  tissue  absorbs 
minimal  amounts  of  light,  which  when  using  targeted 
design  features  will  allow  penetration  and  sensing 
within  selected  tissues.  GNRs  with  a  longitudinal  SPR 
between  650  and  950  nm  fall  within  the  non-absorbing 
region  of  water-  and  carbon-based  substances  termed 
the  “water  window”  permitting  deep-tissue  penetra¬ 
tion  ideal  for  nanobased  biomedical  applications 
(Weissleder  2001).  Based  on  these  unique  character¬ 
istics,  GNRs  have  been  used  in  a  vast  array  of 
biomedical  applications,  including  diagnostic  imag¬ 
ing,  photo-therapies,  and  drug/gene  delivery  (Agarwal 
et  al.  2011;  Nagesha  et  al.  2007;  Pandey  et  al.  2013; 
Pissuwan  et  al.  2008).  Further,  GNRs  have  also  shown 
great  potential  as  multifunctional  nanoparticles  ter¬ 
med  by  some  as  “theranostics”  that  combined  diag¬ 
nostic  imaging  and  therapeutic  applications  (Choi 
et  al.  2012;  Jelveh  and  Chithrani  2011;  Wang  et  al. 
2009;  Yang  et  al.  2013).  However,  the  combination  of 
responses  from  GNR  including  elicited  toxicity,  poor 
cellular  uptake,  and  loss  of  NIR  optical  properties  due 
to  intracellular  aggregation  remains  obstacles  for 
nanobased  biomedical  applications  (Alkilany  and 
Murphy  2010;  Panyala  et  al.  2009). 

The  toxicity  of  GNRs  is  known  largely  to  be  due  to 
free  and  surface-associated  cetyl  trimethylammonium 
bromide  (CTAB),  a  cationic  surfactant  used  in  the 
aqueous  synthesis  of  GNRs  (Alkilany  et  al.  2009; 
Takahashi  et  al.  2005;  Wang  et  al.  2013;  Wang  et  al. 
2011).  During  synthesis,  CTAB  provides  a  growth 
micelle  environment  around  the  gold  seeding s,  stabi¬ 
lizing  them  to  form  a  rod  (Jana  et  al.  2001 ;  Nikoobakht 
and  El-Sayed  2003).  Two  main  strategies  have  been 
reported  to  overcome  this  surfactant’s  cytotoxicity: 
replacement  by  post-synthesis  ligand  exchange  or 
noncovalent  overcoating  by  chemical  cover  layering 


through  electrostatic  attraction  (Vigderman  et  al. 
2012a).  Unfortunately,  some  commonly  used  surface 
modifications,  for  example,  polyethylene  glycol 
(PEG)  functionalization,  can  significantly  lower  cel¬ 
lular  uptake  of  the  GNRs  into  cells,  reducing  their  use 
in  biomedical  applications  (Grabinski  et  al.  2011;  Huff 
et  al.  2007).  Furthermore,  overcoatings  can  break 
down  in  biological  environments  over  time,  resulting 
in  surface  leaching  of  the  CTAB  so  chemical  stabi¬ 
lization  by  overcoating  does  not  guarantee  that  the 
CTAB  toxicity  is  completely  mitigated  (Ejima  et  al. 
2013).  In  addition,  many  surface  modifications  includ¬ 
ing  polymer  coatings  and  peptide  functionalization  are 
prone  to  particle  aggregation  when  they  are  taken  up 
by  cells,  resulting  in  loss  of  optical  properties  (Untener 
et  al.  2013;  Zhang  et  al.  2013).  Finally,  these 
overcoating  and  replacement  procedures  can  require 
complicated  multistep  functionalization  processes, 
(e.g.,  silica  overcoating)  that  are  difficult  to  scale  up 
for  biomedical  applications  (Gui  and  Cui  2012). 

Previous  studies  have  reported  that  TA-coated 
GNRs  show  reduced  toxicity,  demonstrate  a  distinctive 
form  of  endosomal  uptake,  and  display  a  unique 
intracellular  distribution  pattern  that  reduces  particle 
aggregation  (Alkilany  et  al.  2009;  Untener  et  al.  2013). 
Unfortunately,  as  the  CTAB -T A  GNR’s  AR  increased, 
so  did  the  toxicity,  possibly  due  to  the  remaining 
CTAB.  Therefore,  to  lower  the  toxicity,  procedures  for 
exhaustive  removal  or  exchange  of  the  CTAB  from  the 
GNRs  may  be  essential.  In  order  to  address  these 
challenges,  GNRs  coated  with  MTAB  (11-mercap- 
toundecyltrimethylammonium  bromide),  a  thiol  ana¬ 
log  of  CTAB,  have  been  synthesized,  yet  limited 
information  is  available  in  terms  of  their  biocompat¬ 
ibility  and  characterization  within  biological  matrices. 

Vigderman  et  al.  recently  demonstrated  by  proton 
nuclear  magnetic  resonance  spectroscopy  that  the 
complete  replacement  of  CTAB  with  MTAB  is  pos¬ 
sible,  due  to  its  analogous  chemical  structure  (Vigder¬ 
man  et  al.  2012b).  For  MTAB  replacement,  the  CTAB 
micelle  bilayer  around  the  GNR  was  exchanged  with  a 
monolayer  of  MTAB  that  strongly  binds  to  the  GNR. 
The  MTAB  GNRs  showed  no  toxicity  in  the  human 
breast  adenocarcinoma  cell  line,  MCF-7,  even  at  high 
concentrations.  In  addition,  40  %  of  MTAB  GNR 
treatment  was  taken  up  by  the  cells,  compared  to  less 
than  1  %  of  their  pegylated  analogs,  exceeding  the 
previously  reported  GNR  uptake  values.  However, 
published  TEM  images  showed  extensive  aggregation 
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of  intracellular  particles,  causing  a  loss  of  their  NIR 
optical  priorities.  In  particular,  the  intracellular  fea¬ 
tures  exhibited  close  proximity  side  by  side  assembly 
of  GNRs,  which  can  result  in  blue  shift  of  plasmon 
resonance  emissions  moving  their  GNRs  spectra  out  of 
the  target  NIR  “water  window”  needed  for  biomedical 
applications  (Jain  et  al.  2006;  Park  2006). 

Therefore,  the  main  aim  of  this  study  was  to 
determine  if  combining  MTAB  GNRs  with  TA 
overcoating  enhanced  biocompatibility  and  cellular 
uptake,  while  preventing  particle  aggregation  to 
preserve  key  NIR  optical  properties  within  the  A549, 
an  adenocarcinomic  human  alveolar  basal  epithelial 
cell  line.  The  A549  cell  line  retains  significant  alveolar 
phenotype,  and  has  been  thoroughly  characterized  and 
used  in  numerous  nano  biocompatibility,  bio-imaging, 
and  therapeutic  studies  (Foster  et  al.  1998;  Kuo  et  al. 
2012;  Mason  and  Williams  1980;  Uboldi  et  al.  2009, 
2012). 

Materials  and  methods 

Cell  culture 

The  human  lung,  A549,  cell  line  (ATCC)  was 
maintained  in  RPMI  1640  cell  culture  media  (ATCC) 
supplemented  with  10  %  heat-inactivated  fetal  bovine 
serum  and  1  %  penicillin-streptomycin.  Cells  were 
grown  in  a  humidified  incubator  controlled  at  37  °C 
and  5  %  C02.  The  same  media  composition  was  used 
for  all  GNR-exposure  procedures. 

Gold  nano  rods 

CTAB,  Silica,  MTAB,  and  MTAB-TA  GNRs  were 
purchased  from  Nanopartz,  Loveland,  Co,  USA. 
CTAB -T A,  and  PEG  GNRs  were  synthesized  as 
previously  reported  (Untener  et  al.  2013).  Both  thiol 
PEGs  (molecular  weight  20,000  and  5000)  were 
obtained  from  Nanocs  (Boston,  MA),  and  tannic  acid 
(molecular  weight  1701.2)  was  obtained  from  Sigma 
Aldrich  (St  Louis,  MO,  USA). 

GNR  characterization 

The  purity  and  spectral  signature  of  the  GNRs  were 
analyzed  before  the  experiment,  using  UV-Vis  spec¬ 
trometry  on  a  Bio  TEK  Synergy  HT  (Winooski,  VT, 


USA)  instrument.  For  evaluation  of  rod  size  and 
morphology,  nanoparticles  in  solution  were  placed 
onto  a  formvar  carbon-coated  copper  TEM  grid 
(Electron  Microscopy  Sciences)  and  dried.  They  were 
imaged  with  transmission  electron  microscopy  (TEM) 
using  a  Hitachi  H-7600  at  an  accelerating  voltage  of 
120  kV.  To  assess  the  surface  charge  of  the  GNRs, 
zeta  potential  measurements  were  taken  using  laser 
Doppler  electrophoresis  on  a  Malvern  Zetasizer, 
Nano-ZS.  Agglomerate  sizes  of  the  GNRs  in  media 
were  determined  through  dynamic  light  scattering 
(DLS),  also  on  a  Malvern  Zetasizer  (Malvern  Instru¬ 
ments,  MA,  USA). 

Cellular  viability  assessment 

A549  cell  viability  was  evaluated  using  the  CellTiter 
96  Aqueous  One  Solution  (MTS)  (Promega)  which 
monitors  mitochondrial  function  and  MultiTox-Glo 
Assay  (LCDC)  (Promega)  which  sequentially  mea¬ 
sures  two  protease  activities;  one  is  a  marker  of  cell 
viability,  and  the  other  is  a  marker  of  cytotoxicity. 
Cells  were  seeded  into  a  96- well  plate  at  a  concentra¬ 
tion  of  2  x  103  cells  per  well  and  the  following  day 
treated  with  the  stated  GNR  conditions.  After  24  h,  the 
cells  viability  was  determined  in  accordance  with  the 
manufacturer’s  protocol. 

Measurement  of  ROS  generation 

The  intracellular  generation  of  ROS  after  GNR 
exposure  was  evaluated  using  CM-H2DCFDA  (Invit- 
rogen)  which  is  based  on  intracellular  esterases  and 
oxidation  that  yields  a  fluorescent  product  that  is 
trapped  inside  the  cell.  Cells  were  seeded  into  a 
96-well  plate  at  a  concentration  of  2  x  103  cells  per 
well  and  the  following  day  treated  with  the  stated  GNR 
conditions.  After  6  h,  the  intracellular  ROS  generation 
was  determined  in  accordance  with  the  manufacturer’s 
protocol. 

Quantification  of  intracellular  GNRs 

A  total  of  1  x  105  cells/well  were  seeded  on  12-mm 
diameter  glass  slides  in  a  24-well  plate  in  triplicate 
then  dosed  with  5  pg/mL  GNRs  for  24  h.  The  cell 
samples  were  then  washed  three  times  and  treated  with 
concentrated  aqua  regia  for  a  minimum  of  20  min  to 
ensure  full  digestion  of  samples.  The  samples  were 
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then  diluted  it  to  a  final  concentration  of  3-1  %  HC1  to 
HN03,  respectively.  The  intracellular  gold  concen¬ 
tration  was  determined  through  inductively  coupled 
plasma  mass  spectrometry  (ICP-MS)  on  a  Perkin- 
Elmer  ICP-MS  300D  instrument  (Santa  Clara,  CA, 
USA).  ICP-MS  was  conducted  in  standard  mode  with 
20  sweeps  per  reading,  at  one  reading  per  replicate, 
and  three  replicates  per  sample  with  a  dwell  time  of 
100  ms.  A  calibration  curve  was  obtained  using  blank 
and  four  gold  standard  solutions  (0  (blank),  2,  50,  100, 
and  300  pg/L),  and  the  addition  of  an  internal  standard 
(bismuth)  was  done  to  ensure  that  no  interferences 
were  occurring. 

Cy  to  Viva  darkfield  imaging 

A549  cells  were  seeded  at  1.25  x  105  cells  per 
chamber  on  a  2-well  chambered  slide  and  grown  for 
24  h.  The  following  day,  the  cells  were  given  a  dosage 
of  20  pg/mL  GNRs  for  24  h.  After  24  h,  the  cells  were 
fixed  with  4  %  paraformaldehyde  and  incubated  with 
Alexa  Fluor  555-phalloidin  for  actin  staining  and 
DAPI  for  nuclear  staining  (invitrogen).  The  slides 
were  then  sealed  and  imaged  using  a  Cy  to  Viva  150 
ultraresolution  attachment  on  an  Olympus  BX41 
microscope  (Aetos  Technologies,  Inc.). 

Hyperspectral  imaging 

A549  cells  were  seeded  at  1.25  x  105  cells  per 
chamber  on  a  2-well  chambered  slide  and  grown  for 
24  h  and  the  following  day  was  exposed  to  GNR 
(20  pg/ml).  After  24  h,  the  cells  were  fixed  with  4  % 
paraformaldehyde.  The  slides  were  then  sealed  and 
imaged  using  a  Cy  to  Viva  hyperspectral  imaging 
system  (Auburn,  AL,  USA).  Image  capture  times 
and  setting  remained  constant  for  all  samples.  Finally, 
hyperspectral  analysis  was  performed  using  Cy  to  Vi¬ 
va’s  hyperspectral  image  analysis  software. 

Cellular  internalization  studies 

A549  cells  were  seeded  in  a  6- well  plate  at  6  x  105 
cells/well  for  24  h  and  then  exposed  to  the  stated 
GNRs  (5  and  20  pg/mF)  for  the  indicated  duration, 
washed,  and  fixed  overnight  in  2  %  paraformaldehyde 
and  2  %  glutaraldehyde.  The  cells  were  then  stained 
with  1  %  osmium  tetroxide,  washed,  and  subsequently 
dehydrated  with  ethanol  dilutions  ranging  from  50  to 


100  %.  The  cells  were  then  embedded  in  FR  White 
resin  and  cured  overnight  at  60  °C  under  a  vacuum, 
after  which  the  samples  were  sectioned  using  a  Feica 
EM  UC7  Ultramicrotome.  Cell  sections  70  nm  in 
thickness  were  placed  on  a  formvar  carbon-coated 
copper  TEM  grid  (Electron  Microscopy  Sciences)  and 
were  imaged.  Transmission  electron  microscopy 
(TEM)  was  performed  using  a  Hitachi  H-7600  with 
an  accelerating  voltage  of  120  kV.  Care  was  taken  to 
ensure  full  evaluation  of  each  sectioned  sample  for  the 
well-represented  images. 

Statistical  analysis 

All  experimental  results  represent  a  minimum  of  three 
independent  trials  unless  otherwise  stated.  Data  are 
expressed  as  the  mean  zb  the  standard  error  of  the  mean 
(SEM).  Statistical  calculations  were  performed  using 
SAS  (Version  9.1)  or  GraphPad  Prism  (version  5.02, 
GraphPad  Software  Inc.  La  Jolla,  CA,  USA)  to  deter¬ 
mine  statistical  significance  at  p  values  of  <0.05  (*), 
<0.01  (**),  or  <0.001  (***). 

Results  and  discussion 

Gold  nanorod  characterization 

GNR  characterization  was  performed  to  determine 
their  key  physicochemical  properties  and  to  verify 
particle  uniformity  prior  to  experiments.  TEM 
images  demonstrated  that  GNR  sets  were  uniform 
in  size  and  morphology  (Fig.  1,  Fig.  SI,  Table  1, 
Table  SI).  UV-Vis  analysis  confirmed  predicted  SPR 
peaks  based  on  calculated  AR  (Fig.  1,  Fig.  S2).  To 
determine  GNR  surface  charge,  zeta  potential  anal¬ 
ysis  was  performed  on  each  particle  (Table  1, 
Table  SI).  From  this  analysis,  it  was  shown  that 
MTAB  GNRs  were  positively  charged  as  expected 
due  to  MTABs  quaternary  ammonium  cation. 
MTAB -T A  GNRs  displayed  a  negative  surface 
charge,  indicating  that  functionalization  with  TA 
was  successful.  When  the  GNRs  were  where  exposed 
to  a  protein-rich  environment  (culture  media),  both 
MTAB  and  MTAB -T A  GNRs  displayed  a  negative 
surface  charge,  —15.5  and  —18.1  mV,  respectively. 
Hydrodynamic  sizes  of  GNRs  in  media  showed  that 
TA-coated  GNRs  were  on  average  larger  than  MTAB 
GNRs. 
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Fig.  1  Gold  nanorod  characterization.  Representative  TEM  images  of  a  MTAB,  b  MTAB-TA,  c  UV-Vis  absorption  spectra  of  MTAB 
(red)  and  MTAB-TA  (green)  GNRs.  (Color  figure  online) 


Table  1  Characterization  of  gold  nanorods 


Name 

Primary  size 
(nm) 

Aspect 

ratio 

Surface 

chemistry 

Surface 
charge  (mV) 

Hydrodynamic 
diameter  in  media  (nm) 

MTAB 

25  x  102  ±  4.0 

4.1 

MTAB 

36.0 

288.2  ±  4.0 

MTAB- 

25  x  104  ±  2.8 

4.1 

MTAB- 

-15.7 

509.6  ±  66.9 

TA 

TA 

Effects  of  GNRs  on  cellular  viability  and  stress 

Since  GNRs  are  known  to  exhibit  toxicity  linked  to 
their  physiochemical  properties,  we  examined  multi¬ 
ple  surface  chemistries,  charges,  ARs,  and  concentra¬ 
tions  of  surface  modifications  on  toxicity  by 
evaluating  membrane  integrity  and  mitochondrial 
function  (Fig.  S3).  Overcoating  CTAB  and  MTAB 
GNRs  with  TA  resulted  in  enhanced  biocompatibility, 
with  no  significant  decrease  in  viability  with  exposure 
to  MTAB-TA  GNRs  concentrations  as  high  as  320  pg/ 
mL  (Fig.  2a).  After  exposure  to  MTAB  and  MTAB- 
TA  GNRs  (20  pg/ml),  A549  cells  showed  no  signif¬ 
icant  effects  on  their  cellular  viability  with  viability 
remaining  over  95  %  after  24  and  48  h  (Fig.  S4).  The 
viability  data  demonstrate  that  the  reported  toxicity  of 
CTAB -T A  was  not  due  to  the  TA  overcoating, 
negative  surface  charge,  or  the  AR  of  these  GNRs, 
suggesting  that  the  residual  CTAB  bilayer  was  the 
cause  of  the  toxicity  (Alkilany  et  al.  2009). 

Next  we  examined  cellular  stress  by  measuring 
changes  in  reactive  oxygen  species  (ROS)  after 
cellular  exposure  to  the  various  GNRs.  The  6-h  time 
point  was  chosen  based  on  maximum  ROS  response 
before  cell  death.  A549  cells  showed  no  significant 
increase  in  ROS  levels  after  exposure  to  MTAB  and 


MTAB-TA  GNRs,  even  at  four  times  the  treatment 
concentration  of  the  CTAB  GNRs  that  significantly 
increased  ROS  levels  (Fig.  2b).  Together,  these  results 
demonstrate  the  high  biocompatibility  of  both  MTAB 
and  MTAB-TA  GNRs.  Statistical  significance  was 
determined  using  a  one  way  ANOVA  with  Dunnett’s 
post-hoc  tests. 

In  view  of  their  biocompatibility  based  on  these 
initial  findings  and  their  longitudinal  SPR  peaks  in  the 
NIR  “water  window,”  we  chose  to  further  explore  the 
cellular  association  and  in  vitro  hyperspectral  signa¬ 
ture  of  MTAB  AR  4  GNRs  with  and  without  a  TA 
coating. 

Cellular  association  and  in  vitro  hyperspectral 
signature 

Visualization  of  cellular  association  of  MTAB  and 
MTAB-TA  GNRs  was  shown  by  darkfield  microscopy 
(Fig.  3a-c).  Both  GNRs  interacted  with  A549  cells 
and  had  a  high  level  of  cellular  association.  MTAB 
and  MTAB-TA  GNRs  appeared  to  be  densely  packed, 
suggesting  the  associated  and/or  internalized  GNRs 
are  in  clusters.  In  addition,  the  morphology  of  A549 
cells  were  retained,  further  confirming  the  biocom¬ 
patibility  of  the  GNRs. 
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Fig.  2  Analysis  of  TA-coated  versus  uncoated  GNR  Biocom¬ 
patibility.  MTS  assay  results  indicate  the  TA  coating  enhanced 
the  biocompatibility  of  both  CTAB  and  MTAB  GNRs. 
a  MTAB-TA  showed  no  significant  decrease  in  viability 


concentrations  as  high  as  320  pg/mL.  b  ROS  assay  demon¬ 
strated  a  significant  increase  in  ROS  after  exposure  to  CTAB 
GNRs  at  concentrations  as  low  as  5  pg/mL 
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Fig.  3  Representative  darkfield  and  hyperspectral  images  with 
analysis  of  intercellular  GNR  optical  properties.  Fluorescent 
images  following  GNR  20  pg/mL  exposure:  a  Control, 
b  MTAB,  and  c  MTAB-TA.  Fluorescent  images  results 
illustrate  clustering  of  GNRs  with  the  morphology  of  A549 
cells  retained.  A549  cells  underwent  actin  ( red)  and  nuclear 
(blue)  stainings  with  GNRs  (reflecting  white).  Hyperspectral 
images  following  GNR  20  pg/mL  exposure  d  Control,  e  MTAB 
and  f  MTAB-TA.  Results  revealed  that  MTAB-TA  presented  a 


more  uniform  clustering  and  spectral  profile  based  on  their 
appearance  in  the  hyperspectral  images,  g  Analysis  of  in  vivo 
optical  properties.  MTAB  hyperspectral  profile  (red)  (n  =  194) 
displayed  low  intensity  and  loss  of  NIR  optical  properties  of 
GNRs.  In  contrast,  the  MTAB-TA  hyperspectral  profile  (green) 
(n  =  385)  showed  persevered  NIR  properties  with  intensity 
greater  than  2.5  times  that  of  the  MTAB  hyperspectral  profile. 
Control  (blue)  (n  =  335).  (Color  figure  online) 


Next  we  performed  in  vitro  hyperspectral  imaging 
(HSI)  microscopy  to  investigate  the  GNR’s  optical 
properties  after  cellular  association.  HSI  combines  the 
use  of  darkfield  microscopy  and  spectroscopy  for  the 
measurement  of  the  reflectance  spectrum  at  individual 
pixels  in  a  micrograph.  HSI  analysis  has  successfully 
been  used  for  characterizing  gold  nanoparticle  aggre¬ 
gation,  protein  adsorption,  and  cell  uptake  in  biolog¬ 
ical/cellular  environments  (Grabinski  et  al.  2013). 


This  in  vitro  analysis  of  MTAB  and  MTAB-TA  GNRs 
is  critical,  as  many  studies  have  shown  that  biologi¬ 
cal/cellular  environments  can  alter  the  optical  proper¬ 
ties  of  GNRs  and  other  nanomaterials.  HSI  analysis 
demonstrated  that  both  GNRs  had  a  strong  association 
to  A549  cells  and  appeared  to  indicate  clustering  of 
both  MTAB  and  MTAB-TA  GNRs  (Fig.  3d,  e). 
However,  the  MTAB  GNRs  displayed  a  vast  array  of 
colors  compared  to  the  primarily  white  appearance  of 


Springer 


J  Nanopart  Res  (2015)17:485 


Page  7  of  12  485 


the  MTAB  GNRs,  indicating  a  shift  out  of  the  NIR  to 
the  visible  spectra.  Further,  MTAB-TA  GNRs  have  a 
more  uniform  clustering  that  allows  for  easier  iden¬ 
tification  and  delineation  of  the  GNR  clusters.  Next, 
the  reflectance  spectrum  of  individual  GNR  clusters 
were  measured  and  compiled  to  create  a  hyperspectral 
profile  for  both  MTAB  and  MTAB-TA  GNRs 
(Fig.  3g).  The  hyperspectral  analysis  revealed  that 
the  spectral  maxima  were  decreased  in  both  hyper¬ 
spectral  profiles,  compared  to  their  spectral  profiles  as 
synthesized  (Fig.  1).  This  blue  shift  in  spectral  max- 
imas  could  have  resulted  from  GNR  intracellular 
aggregation  with  side-by-side  assembly  (Jain  et  al. 
2006;  Stacy  et  al.  2013).  This  would  effectively  lower 
the  GNRs  AR  resulting  in  the  changes  seen  in 
hyperspectral  profile.  The  hyperspectral  profile  of 
MTAB-TA  GNRs  ( n  =  385)  reveled  a  sharper  peak 
still  within  the  NIR  target  “water  window” 
(~732  nm).  The  shift  seen  with  the  MTAB-TA 
GNR  clusters  maybe  be  the  result  of  protein  corona 
formation  and/or  the  orientation  and  proximity  of  the 
GNR  to  each  other  in  the  clusters  after  cellular 
association  (Jain  et  al.  2006;  Mahmoudi  et  al.  2014).  In 
contrast,  the  hyperspectral  profiles  of  MTAB  GNRs 
( n  =  194)  and  control  (n  =  335)  displayed  broad 
peaks  that  were  located  primarily  outside  the  target 
NIR  window  ( ~  630-679  and  ~  550-634  nm,  respec¬ 
tively).  In  addition,  MTAB-TA  GNRs  demonstrated  a 
greater  than  2.5-fold  increase  in  scattering  intensity 
after  cellular  association  over  the  MTAB  GNRs. 
Together,  these  results  suggest  that  the  MTAB-TA 
GNR  form  uniform  GNR  clusters  that  are  able  to  better 
preserve  their  NIR  optical  properties  after  cellular 
uptake.  This  finding  would  be  significant  for  nano- 
based  bio-imaging  and  therapeutic  applications  as  a 
strong  spectra  profile  in  the  NIR  “water  window”  after 
exposure  to  biological/cellular  environments  is 
required  for  optimum  efficacy  in  biomedical 
applications. 

One  possible  explanation  of  the  differences  in 
hyperspectral  signature  may  be  due  to  differences 
in  GNR  uptake.  Another  possible  explanation  could 
be  due  to  differences  in  aggregation  states  after 
cellular  association  and/or  internalization  (Aaron 
et  al.  2009).  To  test  these  possibilities,  we  set  out 
to  examine  MTAB  and  MTAB-TA  GNR  uptake  by 
inductively  coupled  plasma  mass  spectrometry 
(ICP-MS)  and  intracellular  aggregation  states  by 
TEM. 


Quantification  and  visualization  of  cellular  uptake 

Quantification  of  cellular  uptake  in  the  MTAB  and 
MTAB-TA  GNRs  (5  pg/ ml)  was  determined  by  ICP- 
MS.  Both  MTAB  and  MTAB-TA  GNRs  showed  a 
high  level  (44  and  41  %  of  treatment,  respectively)  of 
cellular  uptake  (Fig.  4)  compared  to  1.5  %  with  PEG 
GNRs  or  15  %  with  Silica-coated  GNRs  (Fig.  S5). 
These  results  are  similar  to  the  40  %  uptake  of  MTAB 
GNRs  in  MCF-7  cells  reported  by  Vigderman  et  al. 
(2012b).  In  addition,  this  finding  suggests  that  the  TA 
overcoating’s  negative  surface  charge  has  minimal 
impact  on  cellular  uptake  of  MTAB-TA  GNRs.  These 
findings  appear  to  differ  from  other  studies  that  report 
that  GNRs  with  a  positive  surface  charge  have  a 
greater  cellular  association  and  uptake  than  GNRs 
with  a  negative  surface  charge  (Hauck  et  al.  2008;  Qiu 
et  al.  2010).  It  was  originally  proposed  that  the  positive 
surface  charge  on  the  GNRs  was  attracted  to  the 
negatively  charged  membrane  of  the  cell  resulting  in 
higher  GNR  cellular  association  (Hauck  et  al.  2008). 
However,  when  GNRs  of  differing  charge  are  placed 
in  a  biological  environment  (or  simulated  biological 
environment  such  as  culture  media),  the  GNRs  will 
take  in  the  charge  of  the  biological  environment  (Qiu 
et  al.  2010).  This  is  in  agreement  with  our  finding  that 
both  MTAB  and  MTAB-TA  GNRs  displayed  negative 
surface  charges  of  15.5  and  —18.1  mV,  respectively.  It 
has  been  more  recently  proposed  that  the  greater 
uptake  levels  seen  with  GNRs  with  a  positive  surface 
charge  is  because  of  their  greater  affinity  to  protein  and 
the  formation  of  a  protein  corona  that  strongly 
influences  the  GNRs  cellular  uptake  (Nel  et  al.  2009; 
Qiu  et  al.  2010;  Walkey  and  Chan  2012;  Walkey  et  al. 
2014).  That  TA  has  a  strong  attraction  for  protein  and 
cellular  membranes  has  been  well  documented  (Van 
Buren  and  Robinson  1969;  Wagner  1976).  In  addition, 
it  has  been  reported  that  TA-coated  gold  NMs  have 
strong  cellular  association  and  unique  form  of  cellular 
uptake  (Mukhopadhyay  et  al.  2012;  Untener  et  al. 
2013).  To  test  this  hypothesis,  we  performed  SDS- 
PAGE  to  evaluate  the  protein  corona’s  of  the  GNRs 
in  vitro  conditions  (10  %  FBS)  and  simulated  in  vivo 
conditions  (100  %  FBS).  We  found  that  MTAB-TA 
GNRs  had  a  high  level  of  protein  association  with  a 
similar  protein  profile  compared  to  MTAB  GNRs 
(Figure  S6).  We  further  quantified  the  relative 
amounts  of  albumin  (bands  at  ~66  kDa)  present  in 
the  MTAB-TA  GNR  protein  corona  compared  with 
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Fig.  4  Representative  TEM  Images  and  GNR  Uptake  by  ICP- 
MS  after  exposure  to  5  pg/ml  for  24  h.  a  MTAB,  b  MTAB-TA, 
c  control.  Results  demonstrate  intracellular  aggregation  of 


MTAB  GNRs  and  low  aggregation  of  MTAB-TA  GNRs. 
d  Cellular  uptake  by  ICP-MS.  Results  show  high  levels  of 
uptakes  of  44  %  for  MTAB  and  41  %  for  MTAB-TA  GNRs 


the  MTAB  GNR  protein  corona.  Results  indicated  that 
the  MTAB-TA  GNR  had  a  greater  relative  amount  of 
albumin  association  under  in  vitro  conditions  (10  % 
plasmon-resonance  effect  of  FBS);  however,  under 
simulated  in  vivo  conditions  (100  %  FBS),  MTAB 
GNRs  had  a  greater  relative  amount  of  albumin 
association  (Figure  S6).  Therefore,  the  MTAB-TA 
GNRs  may  form  a  distinctive  protein  corona  that  may 
account  for  their  uptake  properties;  thus,  further 
research  focusing  on  the  impacts  of  the  protein  corona 
of  TA  GNRs  and  other  NMs  is  needed.  The  finding 
that  there  is  no  significant  difference  in  uptakes  of  the 
two  GNRs  further  suggests  that  the  difference  seen 
between  hyperspectral  profiles  is  not  significantly 
impacted  by  differences  in  cellular  uptake  of  the  two 
GNRs.  Therefore,  we  next  investigated  the  intracellu¬ 
lar  state  of  the  GNRs,  as  previous  studies  have  shown 
that  the  aggregation  state  of  GNRs  can  affect  their 
spectral  profiles. 

The  distribution  of  MTAB  and  MTAB-TA  GNRs 
AR4  (5  pg/ml)  within  the  cell  was  observed  using 
TEM  (Fig.  4).  MTAB-TA  GNRs  demonstrated  low 
aggregation  of  GNRs  with  a  unique  distribution 
pattem/cluster  within  the  A549  cells.  In  contrast, 
MTAB  GNRs  appeared  aggregated  in  dense  clusters 
and/or  tightly  packed  crest  shape  groupings. 

Visualization  and  analysis  of  intercellular 
distribution  pattern 

Since  concentration  can  influence  nanoparticle  aggre¬ 
gation,  we  studied  this  cellular  patterning  at  20  pg/ml. 
At  this  new  concentration,  MTAB  GNRs  displayed 
small  and  large  tightly  packed  clusters  (Fig.  5al,  a4), 
crest  (Fig.  5a3,  5,  6)-  and  doughnut  (Fig.  5a2)-shaped 


groupings  with  aggregation  of  GNRs.  MTAB-TA 
GNRs  again  displayed  distinctive  GNR  cluster  pat¬ 
terns  with  low  aggregation  of  GNRs  (Fig.  5b).  Most 
GNRs  are  taken  up  through  receptor-mediated  endo- 
cytosis  and  further  trafficked  via  an  endo-lysosomal 
path  (Chithrani  et  al.  2009).  The  MTAB  GNRs  appear 
to  progress  in  the  cells  as  follows:  (1)  First,  small 
groupings  of  MTAB  GNRs  bind  to  the  cell  membrane. 

(2)  Then  the  membrane  invaginates  with  the  attached 
MTAB  GNRs  and  combines  with  similar  groupings. 

(3)  Next,  GNRs  can  be  seen  as  crest-shaped  groupings. 

(4)  GNRS  are  seen  to  be  progressing  to  doughnut¬ 
shaped  groupings;  (5)  Finally,  they  form  as  tightly 
packed  clusters/groupings.  In  contrast,  MTAB-TA 
GNRs  do  not  display  this  pattern,  possibly  due  to 
differences  in  their  surface  charge,  protein  corona, 
and/or  a  distinctive  form  of  uptake  (Hauck  et  al.  2008; 
Nel  et  al.  2009;  Untener  et  al.  2013).  Further,  it  appears 
that  the  MTAB-TA  GNR  clusters  are  less  com¬ 
pressed/densely  packed  than  the  MTAB  GNR 
groupings. 

Next,  we  analyzed  the  GNRs  clusters/groupings 
using  ImageJ  software  (Schneider  et  al.  2012)  (Fig.  6). 
The  MTAB  GNR  groupings  ( n  =  28)  were  more 
densely  packed  than  the  MTAB-TA  GNR  groupings 
( n  =  24)  as  reflected  in  the  area  fraction  of  GNRs  over 
total  area  of  clusters/groupings  values  of  64  versus 
50  %,  respectively  (p  <  0.001).  In  addition,  the 
MTAB  GNR  groupings  had  a  smaller  average  diam¬ 
eter  (calculated  as  the  mean  of  the  smallest  and  the 
largest  diameter  measurements  for  each  grouping) 
than  the  average  diameter  of  MTAB-TA  GNR  cluster 
of  343  versus  534  nm,  respectively  (p  <  0.001).  The 
total  area  of  the  MTAB-TA  GNR  clusters,  as 
measured  by  ImageJ,  appears  to  trend  larger;  however, 
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Fig.  5  Visualization  of  intracellular  distribution  pattern  of  aggregation  of  MTAB  GNRs  and  low  aggregation,  and  unique 

MTAB-TA  GNRs  by  TEM  analysis.  Representative  images  of  distribution  of  MTAB  GNRs 

a  MTAB  and  b  MTAB-TA.  Results  demonstrate  intracellular 


the  difference  was  determined  not  to  be  statistically 
significant  (p  =  0.099).  Taken  together,  these  results 
indicate  that  the  differences  in  the  intracellular 
distribution  pattern  may  account  for  the  preserved 
NIR  spectral  profiles  of  the  MTAB-TA  GNR  clusters. 
Further,  we  examined  the  average  diameter  of  extra¬ 
cellular  GNR  clusters  in  the  TEM  image  using  Image  J. 
Results  indicated  that  the  diameter  of  extracellular 
MTAB-TA  GNR  clusters  was  larger  than  MTAB 
GNR  clusters,  namely,  310  versus  165  nm,  respec¬ 
tively  (Fig.  S7). 

Conclusions 

When  designing  a  gold  nanorod  for  nanobased  bio¬ 
imaging  applications,  three  problems  are  often  diffi¬ 
cult  to  overcome:  (1)  toxicity,  (2)  poor  cellular  uptake, 
and  (3)  loss  of  NIR  optical  properties  due  to  particle 
aggregation  in  biological  environments  (Fig.  7). 

In  this  study,  the  GNR  surface  chemistry  was 
modified  by  replacing  CTAB  with  MTAB  and 


overcoating  with  TA.  This  created  a  novel  GNR 
(MTAB-TA)  that  formed  unique  clusters,  and  showed 
no  decrease  in  cellular  viability,  no  indication  of 
cellular  stress,  and  no  alteration  of  cell  morphology, 
confirming  its  enhanced  biocompatibility.  Further,  in 
the  A549  lung  cancer  cell  line,  MTAB-TA  GNRs 
demonstrated  a  cellular  uptake  rate  27  times  greater 
than  the  commonly  used  PEG  GNRs  and  2.5  times 
greater  than  silica-coated  GNRs  (Fig.  S5).  This  high 
uptake  rate  would  enable  a  lower  effective  diagnostic 
and  therapeutic  working  concentration.  Finally, 
MTAB-TA  GNRs  displayed  unique  intracellular  dis¬ 
tribution  patterns  that  not  only  preserved  their  NIR 
optical  properties  within  the  water  but  also  enhanced 
their  spectral  intensity  greater  than  2.5  times  that  of 
uncoated  GNRs.  This  finding  is  critical  for  bio¬ 
applications  because  it  allows  for  the  use  of  minimally 
invasive  lasers,  higher  resolution  imaging  and  more 
effective  therapies. 

In  conclusion,  this  study  has  identified  the  complete 
replacement  of  CTAB  while  maintaining  GNR  stabil¬ 
ity  and  the  use  of  TA  further  stabilized  the  GNRs  so 
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Fig.  6  Analysis  of  intracellular  distribution  pattern  of  GNRs  by 
ImageJ.  Representative  images  a  MTAB  b  MTAB-TA  c  Aver¬ 
age  cluster  density  (area  of  GNRs/total  cluster  area)  d  Average 
cluster  Area,  e  Average  cluster  diameter.  Results  demonstrate 


that  MTAB-TA  GNR  Cluster  ( n  =  24)  are  on  average  less 
densely  packed  and  have  a  larger  average  diameter  compared  to 
MTAB  GNR  groupings  ( n  =  28)  in  A549  cells.  Statistical 
significance  was  determined  using  t-tests 
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Fig.  7  Summary  of  the  differential  intracellular  distribution 
pattern  of  TA-coated  and  uncoated  MTAB  GNRs.  After 
internalization  by  human  lung  cancer  cells  (A549),  uncoated 
MTAB  GNRs  displayed  high  intracellular  aggregation.  This 


resulted  in  a  degradation  of  optical  properties.  On  the  contrary, 
TA-coated  MTAB  GNRs  displayed  low  intracellular  aggrega¬ 
tion  and  preserved  NIR  optical  properties 
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that  their  optical  properties  were  preserved.  Based  on 
their  biocompatible  nature,  high  rate  of  in  vitro  cell 
internalization  and  low  intracellular  aggregation  of 
MTAB-TA  GNRs  are  prime  candidates  for  use  in  vivo 
experimentation  and  nanobased  bio-imaging 
applications. 

Supporting  information 

Representative  TEM  of  gold  nanomaterials,  UV-Vis 
of  gold  nanomaterials,  characterization  of  gold  nano¬ 
materials,  analysis  of  GNR  biocompatibility,  analysis 
of  MTAB  and  MTAB-TA  GNR  biocompatibility, 
cellular  uptake  of  GNRs,  evaluation  of  protein  corona, 
analysis  of  extracellular  GNR  clusters. 
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Supplemental  method. 

Evaluation  of  protein  corona 

GNRs  (100  pg/mL)  were  exposed  to  either  10%  FBS  or  100%  FBS  (500  pL)  and  incubated  at 
37°C  for  1  h.  Samples  were  centrifuged  at  20,000  x  g  for  20  min.  The  pellets  were  washed  three 
times  with  500  pF  of  PBS  to  remove  the  unbound  proteins.  The  GNRs  were  suspended  in  equal 
parts  PBS  and  2x  Laemmli  sample  buffer  and  were  boiled  for  5  min  at  95°C.  Finally,  sodium 
dodecyl  sulfate  polyacrylamide  gel  electrophoresis  (SDS-PAGE)  was  preformed  to  evaluate 
protein  corona. 

Supplemental  figures. 
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Fig.  SI.  Representative  TEM  of  Gold  Nanomaterials.  A.  CTAB,  B.  CTAB-TA,  C.  PEG,  D. 
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Fig.  S2.  UV-Vis  of  Gold  Nanomaterials.  CTAB  (dark  blue),  CTAB-TA  (dark  red),  PEG  (dark 
green),  Silica  (pink),  MTAB-1  (red),  MTAB-2  (light  green),  MTAB-3  (purple),  MTAB-4  (gold) 
and  MTAB-TA  (light  blue) 


Table  SI.  Characterization  of  Gold  Nanomaterials 


Name 

Primary 
Size  (nm) 

Aspect 

Raito 

Surface 

Chemistry 

Surface 
Charge  (mV) 

Hydrodynamic 
Diameter 
in  Media  (nm) 

CTAB 

25x72  ±3.1 

2.9 

CTAB 

37.2 

318.7  ±4.3 

CTAB-TA 

22x60  ±2.1 

2.8 

CTAB-TA 

-19.4 

416.4  ±35.2 

PEG 

19x48  ±2.6 

2.5 

PEG 

2.1 

75.2  ±0.9 

Silica 

25x106  ±3.0 

4.2 

Mesoporous 

Silica 

11.6 

455.8  ±11.3 

MTAB-1 

25x25  ±1.5 

1 

MTAB 

25.1 

117.4  ±1.1 

MTAB-2 

25x47  ±5.4 

1.9 

MTAB 

35.2 

124.3  ±6.4 

MTAB -3 

25x73  ±2.7 

2.9 

MTAB 

32.8 

182.3  ±3.7 

MTAB-4 

25x102  ±4.0 

4.1 

MTAB 

36.0 

288.2  ±9.5 

MTAB-TA 

25x104  ±2.8 

4.1 

MTAB-TA 

-15.7 

509.6  ±66.9 

^  1 
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Fig.  S3.  Analysis  of  GNR  Biocompatibility.  A.  LCDC  assay  and  B.  MTS  assay  results  indicate 
GNR  is  biocompatibility  based  on  surface  chemistry  and  appears  to  be  independent  of  GNR  AR 


(1-4). 


A. 


Control  MTAB  MTAB-TA 
GNRs  (20ug/ml)  LCDC 


Control  MTAB  MTAB-TA 
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Fig.  S4.  Analysis  of  MTAB  and  MTAB-TA  GNR  Biocompatibility.  A549  cells  were  exposure  to 
GNR  20  pg/mL  next  viability,  membrane  integrity,  ROS  and  mitochondrial  function  was 
determined.  A.  LCDC  assay  showed  no  significant  decrease  in  viability  or  membrane  integrity 
after  exposure  to  GNRs  after  24  h.  B.  ROS  assay  demonstrate  no  significant  increase  in  ROS 
after  exposure  to  GNRs  after  6h.  MTS  results  indicate  that  there  is  no  significant  change  in 
mitochondrial  function  after  exposure  to  GNRs  after  C.  24  h  or  D.  48  h.  Taken  together  results 
demonstrate  the  high  biocompatible  of  both  MTAB  and  MTAB-TA  GNRs. 


PEG  Silica  MTAB  MTAB-TA 

Fig.  S5.  Cellular  Uptake  of  GNRs.  Results  show  high  uptake  of  MTAB  and  MTAB-TA  GNRs  in 
A549  cells  compared  to  PEG  (1.5%)  or  Silica  (15%)  coated  GNRs  after  exposure  5  ug/ml  for  24 
h  by  ICP-MS. 
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Fig  S6.  MTAB-TA  GNRs  have  a  high  level  of  protein  association.  GNRs  were  exposed  to 
10%  FBS  and  100%  FBS  for  1  h  and  protein  corona  was  evaluated  by  SDS-PAGE.  A.  MTAB- 
TA  GNRs  had  a  similar  protein  profile  when  compared  to  MTAB  GNRs.  B.  Relative  amount  of 
albumin  (bands  at  ~66kDa)  present  in  GNR  protein  corona.  C.  Results  indicated  the  MTAB-TA 
GNR  had  a  greater  relative  amount  of  albumin  association  under  in  vitro  conditions  (10%FBS) 
D.  However,  under  simulated  in  vivo  conditions  (100%  FBS)  MTAB  GNRs  had  a  greater 
relative  amount  of  albumin  association. 


Extracellular  GNR  Clusters 


Fig.  S7.  Analysis  of  extracellular  GNR  Clusters.  Average  diameter  of  extracellular  GNR 
groupings.  Results  suggest  that  MTAB-TA  GNRs  may  form  clusters  prior  to  internalization 
(n=25). 


